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A number of observations are presented here concerning  the occurrence of 
•  mutations in steady state populations of bacteria as a function of the growth 
rate of the bacteria and the nutritional conditions  of the culture. These ob- 
servations are made possible by the use of two different steady state devices 
operated  under  a  variety  of  defined  nutritional conditions.  These  devices 
maintain exponentially growing populations of bacteria at constant cell den- 
sity (steady state) by different control mechanisms.  One, the breeder,  which 
is described  elsewhere (1), permits observation of mutation rates at a maxi- 
mum growth rate, and the other, the chemostat (2), permits observation of 
mutation rates at various controlled  growth rates. 
In the breeder,  a  photocell-activated circuit,  responding  to bacterial tur- 
bidity in the growth tube, controls the rate of addition of fresh nutrient solu- 
tion to the culture in the growth tube. Increases  in turbidity result in the 
addition of fresh nutrient and simultaneous removal of culture v/a an over- 
flow siphon,  the culture volume remaining  constant. Operating at turbidities 
considerably below (about ~o) saturation turbidity for a given set of culture 
conditions,  the bacteria grow at a maximal rate. 
In the chemostat the cell density in the growth tube is determined by a 
limiting concentration of a  required  growth factor in the incoming nutrient 
solution. The generation time of the bacteria is determined by the steady state 
concentration of this growth factor established  in the growth tube. This con- 
centration is controlled by externally regulating the rate of influx of nutrient 
solution  into the growth tube. In this way, using tryptophan as the limiting 
growth factor, it was possible to maintain the bacteria studied at various genera- 
tion times from a minimum of about 35 minutes to about 4 hours.  In all the 
experiments to be described the generation time is defined as the time required 
for an e-fold increase in numbers. 
In the chemostat with minimal (F) medium when tryptophan was used as 
the controlling  growth factor, Novick and Szilard, and Lee (3, 4) found, for 
the two mutations investigated, that the mutation rates were independent of 
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generation  time  and  dependent  only on  absolute  time  for  generation  times 
from 2 hours to 12 hours.  In addition they found mutagenic effects with some 
purines  (3,  4)  and an antimutagenic  effect with  some purine  ribosides  (5). 
In the following experiments,  the mutation rates for these same two muta- 
tions,  have  been  measured  in  F  medium  and  in  complex  media  at  maximal 
growth rates in the breeder.  In addition,  using the chemostat and a  complex 
medium  with  tryptophan as the limiting  growth factor,  these  rates  were de- 
termined  at  very short  generation  times  and  at  generation  times  similar  to 
those at which F  medium chemostats were operated. 
Methods 
The organism used in this work, B/It, a  tryptophan-requiring bacteriophage T:- 
resistant  strain  of Escherichia coli B, is  the  same as  that  studied  by Novick and 
Szilard in the chemostat (3). Two mutations from sensitivity to resistance with respect 
to the bacteriophages T6 and T6 were studied. All mutation rates were measured at 
37°C. 
For any given experiment, overflow samples from the growth tube were collected in 
a vessel held at 0°C. (an ice bath) at given time intervals, and the population assayed 
for total numbers and for numbers of Tr-resistant mutants and Tr-resistant mutants. 
Total numbers were measured by making appropriate dilutions in nutrient broth, add- 
ing an aliquot to 2.5 ml. of soft nutrient broth agar at 45°C., then pouring on nutrient 
broth agar Petri dishes  and  counting colonies after about  20 hours' incubation at 
37°C. In addition turbidity was checked in a Beckman spectrophotometer at 350 m/~ 
for F  medium and at 575 m/~ for the complex media. The numbers of T~- and Te- 
resistant mutants were scored by adding to about 1 ml. of the collected culture sample 
(about 1 to 2  ×  los bacteria) a large (tenfold) excess of the respective bacteriophage 
in soft nutrient broth agar at 45°C., pouring on nutrient broth agar Petri dishes, and 
counting the number of resistant colonies that appear after 20 hours' incubation at 
37°C. 
The number of mutants in the population (the population density remaining con- 
stant) is plotted as a function of time. Under conditions where there is no selection for 
or against the mutants under observation, this plot defines a straight line whose slope 
is the mutation rate. The mutation rate will be given as the increase in the number of 
mutants per l0  s bacteria per hour. 
F Medium Experiments 
The  breeder  was  operated  on  F  medium  1 supplemented  with  1  gm./liter 
asparagine and an excess of 20 mg./liter of tryptophan. The generation times 
1 F  medium is made up of the following components: 
gm./llter di,~ill~ ~ater 
Ammonium chloride (anhydrous) ................................  1.0 
Magnesium sulfate  "  ................................  0,1 
Potassium phosphate monobasic (anhydrous) ......................  1.5 
Sodium phosphate dibasic (anhydrous) ...........................  3.5 
Lactic acid (85 per cent) ........................................  10.6 
Sodium hydroxide .............................................  3.5 ~tr~c~.  s.  Fox  269 
in this medium were somewhat variable, being 76 minutes and 96 minutes in 
two experiments. The mutation rates to resistance to the bacteriophages % 
and  Te, under  these  conditions, were  not  significantly different from those 
observed in  a  chemostat with  F  medium  operated at  a  generation  time of 
about 4 hours (see Table I). This indicates that the tryptophan limitation in 
the chemostat has no effect on the mutation rate, and that the mutation rate 
in  reciprocal hours does not  vary between bacterial generation times of 76 
minutes and 228 minutes. Novick and Szilard (3) and Lee (4) have established 
the generation time independence of mutation rates in the chemostat between 
generation times of 120 and 600 minutes. 
TABLE  I 
F Medium Experim~tts 
Machine 
Breeder 134 
Breeder 135 
~hemostat 133 
~hemostats (3, 4) 
Generation 
time 
miff. 
96 
76 
230 
120-600 
Mutation rate (X  lOehr.) 
Ti  2"6 
resistance  resistance 
1.3  0.7 
1.4  0.6 
1.1  0.4 
1.4  0.3 
F medium plus supplement 
+20 reg./liter tryptophan 
+1 gm./liter asparagine 
+  0.5 reg./liter tryptophan -4- 1 
gm./liter asparagine 
+  0.5 mg./liter tryptophan 
Complex Medium Breeder Experiments 
The mutation rates were subsequently studied at shorter generation times 
in the breeder operated on Difco nutrient broth (8 gm./liter) with 1 gm./liter 
sodium chloride, and 0.05 per cent tween 80. Under these conditions the gen- 
eration time was about 42 minutes and the mutation rates were 3.7/10  s bac- 
teria/hour  to T5 resistance  and  3.1/10  s bacteria/hour  to  T6 resistance  (see 
Table II). 
Since these mutation rates were, respectively, 2.5- and 10-fold above those 
observed in the  F  medium experiments, the broth concentration was varied 
to determine the possible presence of a  mutagen in the broth.  For 2.5-  and 
5-fold reductions in broth concentration, the generation time remaining  the 
same, the mutation rates were unaffected (see Table II). 
It  also  seemed possible  that  the  high  mutation  rates  observed  in  broth 
resulted from an additional mutation, selected against in F  medium but not 
in broth. If such were the case, the mutation rate measurement in F  medium 
would not include this mutation and would therefore be lower than the rate 
observed in broth. To explain in  this way the differences observed, at least 
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appearing in  the broth  breeder would  have  had  to  be  selected against in  F 
medium. 
To  exclude  this  possibility,  the  following  reconstruction  experiment  was 
carried out in F  medium in a  chemostat. Ten T~-resistant and ten TB-resistant 
mutants were isolated from a  broth breeder that had been running sufficiently 
long so that more than  90 per cent of the mutant  population had originated 
TABLE II 
Nutrient Broth Experiments 
Genera-  Machine  tion time 
T5 resistance 
~reeder  10  42  4.0 
18  --  3.2 
26  38  5.9 
27  40  3.5 
109  38  3.2 
80  46  3.1 
79  40  4.7 
76  39  3.2 
Average..  3.9 
Breeder  38  42  3.2 
47  46  2.7 
48  42  4.1 
57  41  4.2 
58  43  4.9 
68  40  4.0 
Average..  3.8 
Mutation rate (X 10s hr.) 
Breeder  19  40  4.3 
35  44  4.2 
Average.. 4.2 
Ta resistance 
3.4 
3.0 
4.2 
2.7 
3.5 
2.4 
3.1 
2.4 
3.1 
1.8 
2.0 
2.2 
1.8 
2.0 
1.5 
1.9 
3.3 
2.3 
2.8 
Medium 
8 gm./liter broth 
~  c~  ¢c  gc 
8 gm./liter broth  +  0.01 M glw 
tamic acid 
8 gm./liter broth  -t- 0.01 M cys- 
teine 
lc  ¢¢ 
3.2 gm./liter broth 
c~  cc  ~c  c~ 
3.2 gm./liter broth +  400 units/ 
liter catal~e 
1.6 gm./liter broth 
~t  ~¢  gc  gc 
in  the  breeder.  The  mutants  were  restreaked  three  times  on  broth  agar  to 
free them from phage. Approximately equal numbers  of each of these 20 iso- 
lates were added to a  population of the parent strain B/It  so that, in all, they 
constituted about  2  per cent of the population, and  this mixture  was  grown 
in an F  medium chemostat.  Daily assays of the population showed less than 
0.3  per  cent  selection per  generation  for  the T~-resistant and  about  0.2  per 
cent  for the T~-resistant fractions of the population during a  period of over 
80  generations,  indicating that  selection plays no  significant role relative to ~.AwJc~.  s.  ~ox  271 
the mutation rate differences between F  medium and broth. A  similar recon- 
struction  experiment was  carried out  using mutants  isolated from  a  breeder 
TABLE III 
Nutrient Broth Experiments 
Mschine 
Breeder 82 
Breeder 92 
Breeder 132 
Anaerobic breeder 
131 
kuaerobic breeder 
81 
Breeder84 
Breeder 113 
Breeder 109 
Breeder 108 
Breeder 29 
Generation  tim~ 
Mutation rate (X 10s hr.) 
1"ireslstance  Te resistance 
mln. 
31  3.8 
33  2.8  2.6 
30  3.2  3.2 
37  2.0  2.4 
36  3.1  2.3 
45  2.3  1.4 
43  3.2  2.4 
58  2.2  3.5 
31  3.1  4.0 
Medium 
]8 gm./liter broth 
i5 gm./liter glucose 
2 x F phosphate* 
8  gm./liter broth 
~5 gm./liter glucose 
1/2 F sodium lactate:~ 
IF phosphate 
8 gm./liter broth 
5 gm./liter glucose 
2 x F phosphate 
8 gm./liter broth 
150 reg./liter theophyUine 
8 gm./liter broth 
50 reg./liter adenosine 
8 gm./liter broth 
5 gm./liter glucose 
1/2 F sodium lactate 
F phosphate 
50 reg./liter adenosine 
35  3.5  6.3  8 gm./liter broth 
50 mg./llter adeuosine 
* F phosphate 3.5 gm./liter sodium phosphate dibasic; 
monobasic, 
F sodium lactate 14 gm./liter.  I 
1.5 gm./liter potassium phosphate 
run  with  the casein hydrolysate medium  (to be described later) with  similar 
results. 
It was considered possible that the high mutation rates in the breeder were 
due to excessive production of peroxides associated with rapid aerobic growth. 
To  exclude  peroxide  production  the  breeder  was  operated  anaerobically. 
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per  cent  carbon  dioxide gas mixture  was  bubbled  through  the  growth  tube 
and used in the nutrient reservoir to maintain pressure. There is no significant 
difference  in  the  mutation  rates  between  aerobic  and  anaerobic  growth  in 
glucose-phosphate broth medium and the rates are the same as in broth with- 
out  glucose and  phosphate  (see Table  III). 
Since  the  effects  of purine  type mutagens  such  as  theophylline, and  anti- 
mutagenic compounds  including adenosine have been measured in  F  medium 
with  the  chemostat  (3-5),  some  of  these  compounds  were  added  to  broth 
breeders  to  see  whether  they might exert any  effect on  these  high mutation 
rates.  The  data  in  Table  III  show  that  recrystallized theophylline  had  no 
significant effect at concentrations  which,  in the chemostat,  gave an increase 
from  1.5  to  14/108  bacteria/hour  in  the  mutation  rate  to  T~  resistance  (6). 
Adenosine, at a  concentration of 50 mg./liter, had no significant effect on the 
'1"5 mutation rate, as compared with a  suppression to 0.5/108 bacteria/hour at 
the  same concentration  in  the  F  medium  chemostat  even  in  the  presence of 
purine  type mutagens  (5).  The  high  mutation  rates  to  2"6  resistance  in  the 
presence of adenosine remain unexplained. 
Experiments  with Casein ttydrolysate  Medium 
In  order  to  make  a  direct comparison  of  the  rapidly growing populations 
in  the  breeder  with  populations  at  similar growth  rates  in  the  chemostat  a 
complex casein hydrolysate medium  lacking tryptophan  was  devised.  * 
Casein hydrolysate medium consists of: 
per liter distilled  water 
Casein hydrolysate (Difco vitamin-free acid hydrolyzed casein).  5  gm. 
Magnesium sulfate (anhydrous) ............................  0.1  " 
Lactic acid (85 per cent) ..................................  1.06  " 
Sodium hydroxide .......................................  0.35  " 
Potassium phosphate monobasic (anhydrous) ................  0.15  " 
Sodium phosphate dibasic (anhydrous) .....................  0.35  " 
Guanine ................................................  10  nag. 
Adenine ................................................  10  " 
Thymine ...............................................  10  " 
Cytosine ................................................  10  " 
Inositol .................................................  2.9  " 
Calcium pantothenate ....................................  20  #g. 
Niacin .................................................  200  " 
Ascorbic acid ............................................  4  " 
Riboflavin ..............................................  8  " 
Vitamin B6 ..............................................  1.5  " 
Thiamine ...............................................  3  " 
Folic acid ...............................................  0.6  " 
p-Aminobenzoic add .....................................  i  " 
Biotin ..................................................  0.4  " 
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Using  this  medium,  supplemented  with  an  excess  of  tryptophan  (20 
reg./liter)  in  the breeder, the organism  grows at  the same  rate as in broth. 
Under  aerobic  conditions,  the mutation  rates  are  also  about  the  same  (see 
Table IV), the rate to "Is resistance is 3.7/108 bacteria/hour and to Te resist- 
ance  is  2.4/108  bacteria/hour.  Under  anaerobic  conditions  (see  Table  IV), 
there seems to be some reduction in the mutation rate, but not down to the 
rates observed in the chemostat with F  medium. Adenosine appears to reduce 
TABLE  IV 
Casein Hydrolysate Experiments 
Machine 
Breeder 48A 
49 
102 
103 
125 
126 
~naerobic breeder 
128 
~maerobic breeder 
94 
Breeder 95 
Breeder 83 
Breeder 85 
~eneration time 
Mutation  rate (X  lOahr.) 
43 
Medium 
5 ~n./llter casein hydrolymte +  vita- 
mins, purines, pyrimidines 20 reg./liter 
tryptophan  TJ resistance  T6 resistance 
mln. 
42  3.5  2.9  1/25 F  phosphate* 
44  3.8  2.5  "  "  " 
41  4.0  1.4  [5 gm./liter glucose 
1/2 F  sodium lactate~ 
38  3.3  1.9  F  phosphate 
32  3.7  3.0  i Same  medium  as  preceding  one, 
34  3.8  2.6  ~but without use  of  tween  or hot 
39  2.5  --  wire 
40  I. 6  2.6  15 gm./liter glucose 
~F phosphate 
32  3.7  --  50 mg./liter adenosine 
47  8.3  2.7 
8.4  2.1 
150 mg./liter theophylline 
1/25 F  phosphate 
* F  phosphate 3.5 gm./liter sodium phosphate dibasic; 1.5 gm./liter potassium phosphate 
monobasic. 
:~ F  sodium lactate 14 gm./1iter.  1 
the  mutation  rate  to  T5  resistance  (no  antimutagenic  effect  has  yet  been 
demonstrated with respect to mutation to To resistance), but here again there 
is  not so great  a  reduction as  is  demonstrated  in  the  F  medium  chemostat 
where the rate is 0.5/10  s bacteria/hour with 50 reg./liter of adenosine (6). In 
the presence of theophylline there is demonstrated an effect like that observed 
in  the  F  medium  chemostat, but again  it is not as  great.  As  akeady men- 
tioned,  150  mg./llter recrystatlized theophylline increases  the mutation rate 
to T6 resistance nearly tenfold in the F  medium chemostat  (6), while in the 
casein  hydrolysate  breeder  the  mutation  rate  only  increased  from  3.7  to 
8.4/108 bacteria/hour. TABLE  V 
Chemoslats uglh Casein Hydrolysade 
Machine 
Chemostat 105 
122 
98 
104 
121 
119 
120 
118 
123 
117 
124 
110 
115 
111 
Anaerobic chemostat 
97 
~naerobic chemostat 
129 
~naerobic chemostat 
130 
Generation time 
Mutation rate (X 10' hr.) 
TireslstanceJ  to: eslsttmc¢ 
37 rain.  3.8  1.7 
"  "  4.6  1.8 
42 rain.  3.3  3.5 
44  "  4.4  2.5 
54  "  2.9  1.9 
58 vain.  4.5  2.1 
65  "  2.2  1.8 
74 rain.  3.8  1.7 
85  "  2.7  1.3 
98 rain.  2.8  1.0 
150  "  2.5  1.1 
3.4 hrs.  1.6  1.0 
4.5 hrs.  1.7  1.0 
4.6 hrs.  2.0  I,I 
50 min.  2.4  2.3 
64 rain.  1.9  1.6 
99 rain.  1.4  1.0 
Medium 
5 gm./liter casein hydrolysate + 
vitamins,  purlnes, pyrimidines 
F phosphate* 1/2 F sodium 
lactates 5 gm./liter glucose 
1 mg./liter tryptophan 
1 reg./liter tryptophan 
No tween 
No hot wire 
1 nag.  liter tryptophan 
¢c  c~  ~  cc 
0.75 reg./liter tryptophan 
No tween 
No hot wire 
0.75 reg./liter tryptophan 
0.75 reg./liter tryptophan 
No tween 
No hot wire 
0.75 mg./liter tryptophan 
0.5 mg./liter tryptophan 
No tween 
No hot wire 
0.5 reg./liter tryptophan 
0.5 reg./liter tryptophan 
No tween 
No hot wire 
0.5 reg./liter tryptophan 
No tween 
No hot wire 
1 mg./liter tryptophan 
50 reg./liter adenosine 
No sodium lactate 
1 reg./liter tryptophan 
No tween 
No hot wire 
0.75 reg./liter tryptophan 
No tween 
No hot wire 
* F  phosphate 3.5 gm./liter sodium phosphate dibasic; 1.5 
monobasic. 
F  sodium lactate 14 gm./liter. 
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This  same  casein  hydrolysate medium  was  then  used  in  chemostats  run 
with tryptophan as the controlling growth factor. It will be noted (see Table 
V)  that  at  short generation times there is no  significant difference between 
mutation rates in the chemostat and in the breeder. It may also be noted that 
anaerobic conditions and adenosine have a  small effect on these rates. 
As may be seen from Fig. 1, which is based on Table V, for both the T5 and 
T8 mutations in casein hydrolysate medium, there is a  decrease in the muta- 
tion rate with increasing generation time. The T6 rate decreases from a value 
of about 4.0/10  s bacteria/hour at generation times of about 30 to 40 minutes 
to 2.0/108 bacteria/hour at generation times of 3 to 4 hours. The T8 rate falls 
from  about  2.0/108  bacteria/hour  to  about  1.0/108  bacteria/hour.  In  both 
cases most of this reduction in the mutation rates occurs at generation times 
of less than  1.5  hours.  This dependence of the mutation rate on generation 
time is also observed under anaerobic conditions (see Table V). 
8)  ~  %.  •  •  •~..  • 
"o~  -.t  • 
•  "--...o  ¢ 
"  . 
"~  I  "0"'8  .....  9  o  o~ 
T  6 ~e~istance 
I 
General;ion  l:ime  (minul~es) 
Fro. 1. Mutation rates in casein hydrolysate chemostats. 
Controls 
Since it was  necessary to use 0.05 per cent tween 80 in the medium and 
also  a  hot platinum  filament  to break  the  foam resulting from aeration,  a 
series of controls were  done to demonstrate  that  neither expedient was  re- 
sponsible for the high mutation rates found in complex media. A  number of 
experiments in Tables IV and V were run without either tween or the hot wire 
and the results obtained at short generation times were not significantly dif- 
ferent from those in which the hot wire and tween 80 were used. At longer 
generation  times  there may be  a  suggestion  of  somewhat  higher  mutation 
rates to T6 resistance in Experiments 119, 118, and 117 in Table V. There was 
also noted in some of these experiments a  slight discoloration (yellowing) of 
the medium. These experiments without tween and the hot wire were neces- 
sarily  of  short  duration  as  compared  to  others  described  here,  since  wall 
growth  often developed. They were followed long enough  to  determine the 
mutation rates before wall growth appeared, though with somewhat reduced 
accuracy. Breeder 58 in Table II was run with three times the normal tween 
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In order to determine the possible mutagenic effect of the visible light from 
the projector which was used  to determine turbidity, breeder 57  (Table II) 
was run in a manner such that the time of exposure of the culture to the light 
beam was  increased threefold. This had no effect on the observed mutation 
rates.  In  addition,  it  may  be  noted  that  chemostats  not  exposed  to 
light  showed  the  same mutation  rates  as  did  corresponding breeders which 
were exposed to light. 
DISCUSSION 
The mutation rates observed in complex media in the experiments reported 
here differ from those observed with F  medium chemostats in which trypto- 
phan was the controlling growth factor. 
1.  The mutation rates in complex media are higher, even at long generation 
times. 
2.  The mutation  rates  in  complex media  are  relatively insensitive  to  the 
actions of purine  type mutagens and antimutagens. 
3.  The mutation  rates  in  complex medium  decrease with  increasing  gen- 
eration  time.  At  generation  times  about  equal  to  the  minimum  generation 
time in F medium, these mutation rates become generation time-independent. 
4.  The  two  mutation  rates  are  differently affected by  complex medium. 
The ratio between the rate to T5 resistance and that to Te resistance is about 
4  in  F  medium  chemostats.  At  short  generation  times  in  complex medium 
this ratio is about 1.4 and at long generation times it is about 2. 
The high mutation rates in broth are probably not due to some unknown 
mutagenic agent in the broth since these rates do not vary with broth con- 
centration. In addition,  these same rates are obtained in the casein hydroly- 
sate medium in which the components are reasonably well defined and in all 
likelihood  include  no  known  mutagen.  The  insensitivity  of  these  rates,  in 
broth,  to the addition of either theophylline or adenosine suggests the pres- 
ence of an  excess of an  adenosine-like antimutagen  in  the  growing  culture, 
either as a  component of the broth or as a  product of the growing bacteria. 
In the casein hydrolysate medium which presumably does not contain such a 
compound,  theophylline  increases  the  mutation  rate  when  added  to  the 
breeder, but not as much as it does in the F  medium chemostat. If the bac- 
teria make  some antimutagenic  compound, it is possible  that  they produce 
less in casein hydrolysate medium than they do in broth. 
It is conceivable that  the high mutation rates in complex media, as com- 
pared with F  medium, are associated with a  medium-dependent lag between 
the phenotypic expression and normal multiplication of the newly appeared 
mutant. Such a  lag would result in a temporary selection against the mutant 
and the observed mutation rate would require a  correction factor equal to e" 
in which n  is the average duration of the lag expressed in numbers of genera- ~AUmCE  s.  fox  277 
tions (time duration of lag divided by the generation time of the steady-state 
population). 
If  such  a  lag  were a  nuclear segregation lag,  different in  F  medium  and 
complex medium,  the rates of two different mutations  would  be altered by 
the same factor e"/e  '~ in which n  and m  would be the number of generations 
of lag for the respective media. Since the mutation rate to T8 resistance is 8 
to 10 times higher in complex medium than in F  medium,  3 while  the rate to 
T6 resistance is only about three times higher, e"/e  ~ is not constant  and such 
an explanation is inadequate. 
Other kinds of lag in division of the newly appeared mutants cannot be ex- 
cluded. In any case, such a lag would not only have to be different in different 
media,  but would have to be differently affected for the  two mutations.  In 
addition,  to  explain  the  generation  time  dependence of the  mutation  rates 
for fast  growth  in  casein  hydrolysate chemostats,  the  factor n  for a  given 
mutation rate would have to change with generation time. 
The generation time dependence of the mutation rates in casein hydroly- 
sate, tryptophan-controlled chemostats at short generation times can, perhaps, 
be attributed to a  change in the chemical environment of the bacteria. Over 
the range of generation times from about 40 minutes to 90 minutes where the 
mutation rates change,  the steady state  concentration of tryptophan in the 
growth tube varies from about 300/zg./liter to about 30/~g./liter. At longer 
generation  times,  where  the  mutation  rate  is  generation  time-independent, 
the  concentration is even lower.  In F  medium  chemostats,  the growth  tube 
concentration of tryptophan necessary to maintain a generation time of about 
120 minutes is about  1 gg./liter  (2). The very high growth tube concentra- 
tion of tryptophan required in  casein  hydrolysate chemostats suggests  that 
the other amino acids interfere with the uptake of tryptophan by the bacteria. 
The higher mutation rates at short generation times are however, not due 
to the correspondingly high tryptophan concentrations because the mutation 
rates in the breeder with F  medium and 20 mg,/liter tryptophan are about 
the same as in F  medium chemostats with 0.005 per cent of this concentra- 
tion. 
There have been observed, when comparing complex media with F medium, 
a  number of differences. In  complex media,  the  mutation  rates  are  higher, 
they  are  less  sensitive  to  mutagens  and  antimutagens,  they are generation 
time-dependent,  and  the  relative rates for the  two mutations  are  different. 
Unless the observed mutation rates in complex media and F  medium are in- 
fluenced by grossly different division lags,  the difference must be attributed 
a The difficulty of accurately measuring low mutation rates did not make it seem 
worth while to further define the rate to T6 resistance in F medium. This rate has been 
verycarefullymeasured  in F medium chemostats byLee (4) and it is this value, 0.3/10  8 
bacteria/hour, that has been compared with the rate observed in complex media. 278  MUTATION  RATES  OF  BACTERIA 
to  the  difference in  chemical  environment.  The  environment might  affect 
various as yet unknown agencies of mutagenic action, for example by influ- 
encing a  cellular mutagen-antimutagen balance  or by direct modification of 
mutability. 
SUMMARY 
The breeder and the chemostat have been used to measure mutation rates 
for two mutations under a  variety of steady state growth conditions. These 
rates have been found to be higher in complex medium than in minimal (F) 
medium. The effects of changes in nutritional conditions on these high rates 
have  been  described.  In  addition,  the  mutation  rates  at  short  generation 
times,  in  complex  medium,  have  been  shown  to  decrease  with  increasing 
generation time. 
The author wishes to express his gratitude for the advice and refreshing stimulation 
that Dr. Leo Szilard lent to the pursuit of this investigation. 
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